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ABSTRACT 

This booklet is one of the "Understanding the Atom" 
Series. The science of spectroscopy is presented by a number of 
topics dealing with (1) the uses of spectroscopy, (2) its origin and 
background, (3) the basic optical systems of spectroscopes, 
spectrometers, and spectrophotometers, (4) the characteristics of 
wave motion, (5) the electromagnetic spectrum, (6) types of spectra, 
(7) line spectra, and (8) interpretations of spectra information. In 
addition, there is a discussion of the fundamental concepts of 
quantum mechanics, the orioin of spectra, and of the different kinds 
of spectroscopic techniques including x-ray spectroqraphy, mass 
spectrometry and infrared, f luerescence, magnetic, Raman, and 
electron spin resonance spectroscopy. References to popular books, 
technical books, and journal articles are provided. (LC) 
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Nuclear energy 
Is playing a vital role 
in the life of 
every man, woman, and child 
in the United States today. 

In the years ahead 
It will affect increasingly 
all the peoples of the earth. 

It is essential 
that all Americans 
gain an understanding 
of this vital force if 
they are to discharge thoughtfully 
their responsibilities as citizens 
and if they are to realize fully 
the myriad benefits 
that nuclear energy 
offers them. 



The United States 
Atomic Energy Commission 
provides this booklet 
to help you achieve 
such understanding. 



^Edward J. Brunenkant 



Director 
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By HAL HELLMAN 



INTRODUCTION 

A painting by an old master Is a precious, Irreplaceable 
commodity —so precious that highly talented artists some- 
times spend months duplicating such paintings, These 
copies are so perfect that It Is virtually impossible to tell 
them from the real thing. Indeed, some of these craftsmen 
are so talented that they tin create a new painting In the 
sty le of an old master and are able to fool just about every- 
one. Obviously such a picture is worth far more than an 
original painting by the forger. 

This is a serious problem In the art world. There are 
tests that will show whether the paints used are old or new, 
but most chemical tests require a fair-sized sample. (A 
complete analysis could require approximately a gram of 
materia). Depending on the thickness of the paint, this 
might require a square Inch or more of pigment surface.) 
And there are few dealers who would be happy to have you 
poke around with a knife for even a small bit of paint. 

This broken 1st century glass drinking vessel teas discovered in 
London f otloning H’ortrf H«r II. Tiny glass dust samples Here burned 
in a carbon-arc flame (shoun above Ike tessetl. Spectroscopic analy- 
sis of the tigkl from the samples revealed a high antimony content, 
a hick nas typical of glass produced from the 6lh century B.C. to the 
4lh century A.D. in lands under Gr< • and Homan rule. 
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However, that new wonder, the laser, was recently 
teamed up with a time-proven instrument, the spectroscope, 
and they made a good combination. The exquisitely narrow 
beam of the laser was used to vaporize a hundred thou- 
sandth of a square inch of pigment surface. This tiny sam- 
ple, Invisible to the naked eye, was enough for the spectro- 
scope, which can analyze even tho vapor from a small 
specimen. The painting being tested was a portrait of an 
old woman, which had been attributed to a 15th century 
Flemish artist, the Maitre de Bruges (see cover). 

It was a fake. Certain of its paint Ingredients were shown 
to be materials not discovered or used by artists until the 
19th century 1 

A spectroscope can thus "fingerprint” a material by dis- 
closing what elements the material contains and in what 
proportions. 

In certain cases it is not even necessary to touch the 
object being studied. Almost anything that emits, absorbs, 
or reflects light is fair game. Hence spectroscopy (spek- 
tros co pee) is used widely in astronomy and astrophysics. 
Studies of the recently found, and profoundly puzzling, 
quasars* depend largely <ipon it. 

This enormously powerful technique permitted 19th cen- 
tury chemists to analyze and identify thousands of complex 
substances. In 1868 the element helium was found in the sun 
by a spectroscope — 27 years before it wa* found here on 
earth. 

Not orly can elements to identified (the method is called 
spectrochemlcal or elemental analysis), but information 
can also be obtained on the constituents of the elements — 
the electrons and atomic nuclei — as well as the atoms and 
molecules themselves. This aspect is sometimes referred 
to as atomic or molecular spectroscopy. 

Spectroscopy has been the means whereby physicists and 
chemiats have learned most of what they now know about 
the nature of matter. It was originally limited to visible 
light, but new ways of generating and detecting other kinds 
of energy are constantly being developed. These arequlckly 
put to work and have widened the range of spectroscopists 



*A quasar la a very distant alar-like object. 
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tremendously. We now have X-ray, gamma- ray, microwave 
and mass spectroscopy, plus many other kinds. We shall 
consider some of these later In the booklet. However, the 
basic Idea Is the same for all. 

The Importance of the technique was well stated by 
Robert B. Leighton, Professor of Physics at the California 
Institute of Technology: "Of all the tools that have been 
applied to the study of the detailed structure of matter, It 
can fairly be said that spectroscopy has been applied in 
more ways to more problems, and has produced more fun- 
damental information, than any other.”* 

For example, of the various Independent characteristics 
of atoms, such as their atomic spectra, chemical proper- 
ties, and weight, atomic spectra have provided by far the 
greatest amount of Information. Even that mysterious sci- 
ence, quantum mechanics, arose largely as a way of 
explaining certain irregularities in the spectrographic 
analysis of atoms. 



'Principles of Modem Physics, Robert B. Leighton, McOraw- 
Hill Book Company, Inc., Nev York, 1959, p 255. 
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ORIGINS AND BACKGROUND 

Although Isaac Newton's present fame rests largely on 
his work with gravitation and on his Principia Mathemalica , 
perhaps the greatest scientific masterpiece of all time, it 
was his work in optics that made his reputation. In spite 
of many advances in science, light had remained a totally 
Incomprehensible phenomenon. 

When he was 23 Newton built his own telescope, but he 
was troubled by blurred, rainbow-colored outlines around 
the celestial images. The search for a solution to this prob- 
lem led him to experiment with light. 

In the first experiment, he painted half of a piece of 
paper blue and the other half red. When he observed the 
paper through a prism he raw that the blue half appeared 
to lie in a different plane from the red half. Next he wound 
black thread around each half. With a convex lens he brought 
the thread on tht red strip into focus, but the thread on the 
blue half was now blurred and vice versa. He concluded 
that light is bent for refracted) nil ai passing through glass 
and that the colors in light are refracted by different 
emounts. The light from the blue half was refracted more 
than that from the red half. 

He realized that with the simple telescopic lenses he was 
using, he would always have a blurred image so he Invented 
the first reflecting telescope. In this device, light v/as 
concentrated by reflection from a mirror Instead of by 
refraction through a lens. Light was thus reflected from, 
rather than absorbed by, the glass, and the blurred edges 
were eliminated. 

In his next experiment, he cut a small hole in a window 
shade and then held a prism in front of the beam of sun- 
light coming through the hole. Instead of seeing a white 
spot of light on the opposite wall, he saw a narrow band of 
colors (the spectrum) just as one would see in a rainbow 
(Figure 2). This was probably the most famous scientific 
experiment ever performed. 

Newton was not the first to do this. In the 1st century 
A.D. Seneca, the Roman statesman and philosopher, ob- 
served that if sunlight were shone through an angular piece 
of glass it would reveal all the colors of the rainbow. But 
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Figured A glass prism disperses (breaks up) uhite light into its 
constituent colors. 



Seneca thought the glass had added the colors to white 
light. 

By placing a second prism opposite tSie first and recom- 
bining the colors into white light (Figure 3), Newton dem- 
onstrated that all the colors of the rainbow are contained 
in white light. 

From these experiments came Newton’s first scientific 
paper, "A New Theory About Light and Colours”. In his 
own words this was "the oddest, if not the most considerable 
detection which hath hitherto been made in the operations of 
nature”. 

It Is easy to see the significance of dispersion ui Newton's 
experiments. Not so obvious is how this becomes useful 
In spectroscopy. 

Perhaps a musical analogy will help. A person with some 
musical training can listen to a chord on a piano and tell 
you without any trouble what notes It consists of. That Is, 
using only his ears, he can analyse the chord. 




figure 4 II 'ilk Ike aid of a second prism, (anted opposite (o the 
first, Xenton shotted cosctasiiely that nkile light is composed of 
Ike colors ice see In Ike spectrum . 
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Each note in the chord can be compared with a color. If 
we mix several colors together we can make another color, 
which might be called a " color chord” But while the 
musical version is easily perceived to be a chord or mix- 
ture, the color version is not. It simply looks like a new 
color. 

For example, we can mix gray from black and white. On 
the other hand, we can mix another gray from green and 
red, which, to the eye, will be absolutely indistinguishable 
from the first gray. The most experienced color expert 
won’t be able to tell them apart, but a spectroscope can. 

The color chords, once spread out, are easily seen to be 
of different origin. This capability is extremely important 
in paint and dye industries where two mixed colors may 
look alike in one kind of liqht, but quite different in another. 
Exact matching of colors would be virtually impossible 
without the aid of the spectroscope and its later develop- 
ments. 

Before we go on to discuss how the technique is used in 
chemical analysis and in the study of atoms and molecules, 
let us take a brief look at some of the instruments them- 
selves. 
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BASIC OPTICAL SPECTROSCOPES 



The optical system of a simple spectroscope is shown in 
Figure 4. Light enters the slit S and is made parallel by 
the collimating lens C. Prism P disperses the light, which 
is then focused by the telescope lens T along curve F. It 
can be seen that red is dispersed least and violet most. 




Figu:s 4 The optical system of a basic spectroscope: S, slit; C, 
collimating lens; P, prism; T, telescope lens; F, focus. 

The term spectroscope derives from two root words: 
the Latin word spectrum, meaning image, and the Greek 
word skopein, to view, (e.g., micro scope, telescope, etc.). 
So a spectroscope is an instrument that permits visual 
observation of spectra. Instruments that record a spectral 
image on a photographic plate (the spectroscope plus the 
tube plate holder at lower left in Figure 5) are commonly 
called spectrographs.* 

And finally if, instead of an eyepiece or photographic 
plate, we use a photoelectric .ell we can measure how 
much of each color appears. The instrument is then called 
a spectrometer (from the Greek metron, measure). In this 
case, however, the prism is rotated so that only a narrow 
portion of the spectrum is received by the detector at any 
time (Figure 6). In some cases the whole operation i3 done 



♦Although the word graph and the combining form “graph” de- 
rive from the Greek graphein, to write, It generally refers to an 
Instrument for making a record of some kind. 
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Figure 5 A basic prism spectroscope . Light enters from the right , and is viewed in the telescope at left. At lower 
left is an accessory photographic plate holder that converts the device into a spectrograph . 
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Figure 6 Principle of spectrometer or recording spectrophotome- 
ter. 



automatically and the results are fed to a recorder that inks 
in a complete record of the spectrum. Since a device for 
measuring the intensity of radiation is called a photometer, 
the final combining term for the automatic device (Figure 7) 
is spectrophotometer , or recording spectrophotometer. 

Often, as in the instruments illustrated in Figures 5 and 
7, the same instrument is adaptable to various methods. 




Figure 7 This modem, multipurpose recording spectrophotometer 
can perform automatic analyses in ultraviolet , visible , and infra- 
red regions on transparent, translucent, and opaque materials. 
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WAVE MOTION 



Newton believed that light might travel in the form of tiny 
particles. But since light could not always be explained 
with this theory, he thought that the particles might have 
waves traveling with them. Toward the end of the 17th cen- 
tury the Dutch astronomer Christiaan Huygens developed 
the idea that light is a wave motion.* This concept was vali- 
dated in 1803 when the British physician Thomas Young 
ingeniously demonstrated interference effects in waves. 
He shone light of one color through two narrow openings. 
Then he put a screen in front of the openings and saw that 
there was a shadow in the center of the spot where the two 
rays of light met. They were interfering with each other. 
In this way, it was finally realized that the only difference 
between the various colors of light was one of wavelength. 

As with all kinds of waves, light has both a frequency 
and a wavelength. Wavelength is the distance from the 
crest of one wave to the next one. Frequency is the number 
of waves that pass a given point in a certain length of time. 
Ocean waves, for example, might be measured in terms of 
a dozen or so per minute. 

Light waves are of course quite a different matter. They 
can’t be seen and their rate of vibration goes up to some- 
thing like 100 million million (10 14 ) per second. The wave- 
length of light is also very small — in the range of .00002 
inch. This is a very awkward number, and so scientists 
have used the metric scale, which lends itself much better 
to small units. The angstrom t (A) is generally used, and 
is equal to 10 -8 centimeter (.00000001 cm). Red light has 
a wavelength in the range of about 6200 to 7600 A, while 
violet ranges from about 3800 to 4400 A. The visible spec- 
trum is shown in Figure 8. 

Although a rate of 10 u cps cannot be counted directly, 
there are methods for measuring small wavelengths. The 



* Particles and waves demonstrate each other’s properties under 
certain conditions. This particle-wave duality is discussed in the 
chapter called "The Atom" beginning on psgo 30. 

tNamed for Anders J. Angstrom, a nineteenth century Swedish 
physicist. 
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frequency can then be found by a very simple mathematical 
relationship: 



i 




where v = frequency in cycles per second, 

c = velocity of light in a vacuum (a constant), and 
X = wavelength in angstroms. 

Clearly, as wavelength goes up, frequency goes down, and 
vice versa. 
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Figure 8 The spectrum of visible light, Divisions are arbitrary 
since colors blend gradually into one another. 



\ 



11 



o 

ERIC 



THE ELECTROMAGNETIC SPECTRUM 

The obvious question is: What happens at the two ends of 
the visible spectrum? Does it just end? In the year 1800 
the German-British astronomer Sir William Herschel (who 
was an organist before he became an astronomer) per- 
formed a most intriguing experiment. Using very sensitive 
thermometers, he "took the temperature" of the visible 
spectrum by placing a thermometer in the colors of light 
spread out by a prism. He found that the temperature rose 
as the wavelength grew longer (toward tne red). And the 
temperature continued to rise beyond the red, where no 
color could be seen 1 

Although the implications of this experiment were not 
understood until later, Herschel was the first to find a 
relationship between light and radiant heat (the kind we 
get from the sun or an outdoor fire). Both are examples 
of electromagnetic radiation. The name infrared (the Latin 
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